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Washington 25, D. C.
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Dear Sir:

Contract No. NOw=60-0390-c

We are enclosing 13 copies (one of which is reproducible) of the sixth bimonthly
report covering research on ""Development of Procedures for Welding 2-Inch- Thick
Titanium-Allioy Plate', which is being conducted under the above crntract. The re-
maining copies of the report are being distributed according to the enclosed distribution

list,

Very truly youss,

P. J. Rieppel
Chief
Metals Joining Division

PJR /bla
Enc. (14)

cc: Mr., C. G, Jacobaen (letter only)
ONR Resident Representative
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DEVELOPMENT OF PROCEDURES FOR WELDING
2-INCH- THICK rITANIUM-ALLOY PLATE

Research is being conducted to develop procedures for welding thick titanium-alloy
plates. Tis research is part of an over-all program to evaluate thick titanium-zlloy
plate for use in deep-diving submarines. Weldments that have high strength in combina-
tion with good ductility and toughness are riquired for submarine hulls.. The specific
objectives of the research are to develop procedures to:

(1) Obtain sound ductile welds in 2-inch-thick plate

(2) Obtain joint efficiencies of 100 per cent

(3) Obtain satisfactory toughness in weldments

The follo;mng is a list of welds made prior to this report p&riod. These welds
were made in 30-inch-long, i-inch-thick titanium-alloy plates:

Heat Input, joules/inch

Base Platc Filler Wire _

Ti-6Al-4V Ti- 6Al1-4V 45,000
Ti-6Al-4V Ti- 6Al-4V 21,000
Ti-6Al-4V Ti-5Al-2.558n 45,000
Ti-€..1-4V A-55 45,000
Ti-5Al-2. 58n Ti-5Al-2. 58n 45,000
Ti-5Al-2.55n T: 5Al-2,58n 27,000
Ti-5Al1-2.5Sn Ti- 6Al-4V 45,000
Ti-5Al-2.58n A-55 45,000
A-70 A-55 45,000
A-70 Ti- 6Al-4V 45,000

sATTELLE
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In addition tu these, Lehigh and NRL restraint tests were made on each of the three base
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plates, using filler wire that matched the composition of the base plate. Cracking has

not been a prebiem in any of these welds.

Joint efficiencies of at least 100 per cent were obtained for all welds exce'ptl thoge
made with A-55 filler wire. Notch toughness of all weld metalg in general was equal to, -
or greater than, that of the base plat-.

In addition, prior to this repost period, a weld was deposited manually in 1/2-
inch-thick Ti-6Al-4V base plate, using a Ti- 6Al high-purity-alloy filler wire, T[he
amount of filler material was limited so that only enough weld metal for notch-toughness
data was obtained. The notch toughness of this weld was the best obtained to date,
Hardness data were obtained for this weld and are presented in this report,

During this report period, the Ti-13V-11Cr-3Al base plate was received and

" mechanical-test data obtair:d. A weld was made in 30-inch long, 2-inch-thick Ti-13V-

11Cr=-3A1 plate uging filler wire that matched the composition of the base plate. 'In
addition, Lehigh and NRL restraint tests were made in this base plate using matching
filler wire,

During this report period, an effort was made to determine the nil-ductility
temperature (NDT) for the titanium alloys being studied. This report covers ti.e period

from April 30 to June 30, 1961.

SUMMARY

The Ti-13V-11Cr-3Al base plate was received during this report period, The
impact properties of this base plate Qer_e very poor. Lehigh and NRL restraint tests
were made on this alloy using filler wire that matched the composition of the b:;se plate.
No cracking was encountered in ther~ welds, In addition, a 30-inch- long weld was made

in 2-inch-thick Ti~13V=11Cr-3Al plate using filler vire that matched the composition of

BATYELLE MEMORI AL INSYTITUTE




3

the base plate. Weld-metal ultimate and yield strengths were somewhat lower than
these of the base plate. Elongation of the weld metal was higher than that of the base
plate in the transverse direction but lower than that of the base plate in the longitudinal
direction. Impact preperties of the weld metal were very low, but were similar to those
of the base plate.

Hardness data obtained for the w‘eld made in Ti-bAl-4V base plate using Ti- 6Al
luvgh-purity fille- wire were lower than for any weld made to date except for those made
with A-55 filler wice. Vacuum-fusion analysis of this weld showed very low oxygen and
hydrog:n contents.

Studies also w.re made during this report period in an effort to establish drop-
weight testing procedures for the weld metal an;i alloys being used in the program.
Tésting procedures standardized for steel specin.cus were used in initial tests‘. The
brittle weld deposit was made using procedures developed in work done at tl;e David
Taylor Modei Basin on l-inch-thick titanium-~alloy specimens. Nil-ductility tempera-
tures that correclated with th; Charpy vee-notch energy and lateral cxpansion curves
were not obtained with these procedures. Additional work is planned to find a brittle
weld deposit that will give satisfactory data,

A sumrnary of all welds made to date in this program is given in Table 1.

WELDING AND TESTING PROCEDURES

.
The 30-inch-long weld and the restraint tests wuelus were made in an argon-filled
chamber. A constantfpotential povfer source connected for rove:-—l: polarity was used :6 .
supply thc wclding current. All filler wire was 1/25 inch in diamete® and was cleaned
in acetone prior to welding.
’
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A 43-degree double-vee-type joint with a 1, 3~inch land was used for the 30-inch- (
[
i
i

long weld. AL joints were cleaned in acetone and pickled in a 40 per ccnt HNO3, 2
per cent HF, and 38 per ceat water solution prior tu welding. The welding cunditions

that were uged are shown in Table 2.

‘fABLE 2, WELDING CONDITIONS USED IN MAKING WELDS

Coatsct-
Tube-ta-
‘ Arc weid Work Interpass Numier
Type of Weld Trave! Wire Fead Volitage, Current, Heatlinput, Distance, Temperature, of
Weld Filler Wire Speed, 1pm Speed, 1pm  volts  amperes joules/inch lnch F Passes
30 inch  Ti-13V-11Cr-3A1 18 450 32 365 45,000 /8 120-200 10
Lehigh Ti-13V-11C:-3Al 20 450 kb 320 32,000 1 .- 1
NRL Ti-13v-11Cr-3AL 20 450 33 320 32,C00 1 ~- 1

Standard 0.505-inch- *ameter tension specimens and sta.ndard'Cha.r'py vee-notch
impact specimens were used tn obtain tensile and impact data.

Side-bend specimens 6 inches long, !-1/2 inches wide, and 3716 inch thick were
used to obtain bend ductility. Bend tests were made by bending the specimens arcund
dies of different raaii until a crack was observed, The radii decreased 'from' 2tol-1/2
inches, and then 1/4- to 3/4 inch and by 1/16~ in_ch intervals down to a zero radius., The
min:num bend radius was taken as the radius of the smallest die that the specimen
passea without cracking.

Hardness data were obtained using a Vickers diamond pyramid hardness testing ‘
machine with a 10-kg load.

The e‘ql.ipment used for drop-weight tests consisted of a 130~pound weight that
could be dropped from a maxix.num height of 15 feet (1950 ft-lb). Spacimens i-1/2
inches thick were prepared by machining from the 2-inch-thick plate, Sx:na.ller speci~

meng used in some tes's (5/8 by 2 by 5) were prepared by sawing. The brittle weld bead

BATTELLE MEMOR . AL INSTITUNY E
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W is about 3 inches long with about 1/l6-inch peretrat’on  The weld bead was notched

with 4 hand grinder to a depth of 0,97 inch above thz suviace of the specimen.

RESULTS AND DISCUSSION

During this report period, welds were evaluated in the all-beta Ti-13V-11Cr-3Al
alloy madc¢ with matching filler wire, and attempts were made to obtain the nil-ductility

temperature of the base metals used in this program,

|
) Mechanical Propcrt'ies
All tensile and bend-test data obtained for the weid in Ti-13V-11Cr-3Al are listed

in Table 3. The base-metal tensile and bend-test data are given for comparison. The
weld-metal ultimate and yi:l' strengths are lower than those of the base plate for the all
weld-metal longitudinal ;pecimens. However, the transver<= weld-metal tensile speci-
mens failed in the base metal, Examination of thesc transverse weld-metal specimens
showed that one of the specimens might have failed in the heat-alfected zone, but the
other failed away from the weld in the base metal. The elongation of the weld metal is
lower than that of the base plate in the longitudinal direction but higher than that of the
base rlate in the transverse direction. The bend ductility of the hase plate was tetier
than that of the weld metal. In fact, the bend ductility of the Ti~-13V-11Cr~-3Al base
plate was better than that of either the Ti-6Al-4V (4T) or the Ti-5Al1-2,53n {5.5T) base
plates.

The impact properties of the Ti-13V-11Cr-3Al base plate and weld meté.l are listed

in Table 4, Several impact tests showed that the base plate and weld metal had very low
notch toughness. In an attempt to improve the notch toughness, a number of the Charpy
bars were solution lieat treated in an argon atmosphere (1450 F for 1/2 hour, air cool)

prior to impact tesi.~g. No significant {.nprovemecnt in notch toughness was noted, as

shown in Table 4,
BATTELLE MEMORIAL INSTITUTE




TABLE 3. TENSILE AND BEND-TEST DATA FOR WELD MADE IN Ti-13V-11Cr-3Al
BASE PLATE USING MATCHING FILLER WIRE (a)

Base Metal Weld Metal

Loug. Trans, Long. Trans,
Ultimate Tensile Strcngth, ksi 130.5 132.5 124.5 130 (®)
Tensile Yield Strength(€), ksi 1.9 130 120 {b)
Compressive Yield Strengih, ksi 121 122 - -
Elongation in 2 Inches, per cent 18 8 14.5 {h)
Reduction in Area, per cent 41.5 34 22 (b)
Minimum Bend Radius, T 2.5 2.5 - 5,5->10

(a) All tensile properties are average of two tests.
(b) Weld-metal transverse specimens failed in the base metal,
(<) Yield strength taken «t 0.2 per cent offset,

TABLE 4. CHARPY VEE-NOTCH IMPACT DATA FOR -
T.{E Ti~13V-11Cr-3Al1 BASE PLATE AND
WELD METAL

Notch Toughness, ft-1b,
at Indicated Temperature, F

Room 0 -40 =50 -80
Base Metal(a)'
L 3.5 3.5 6.5 - 10(b)
4 4 - 4,5(b)
5, 5{b) 6(b) 5(b)
T 3.5 4 6.5 —— 3. 5(b)
2.5 3 3{b}
3, (b} 5(b) 4(b)
[}
FT 5 5.5 6.5 o 3. 5(b)
7 3 4(b}
4 5.5 4(b)
Weld Metal = 4 2.5 5,5 -- 6(b) .
3.5 3 3{b)
3. 5(b) 3.5(b) 2 5(b)

(a) L = notched parallel 1o rolling direction with notch perpendicular to top of plate.
T = notched perpendicular to rolling direction with notch perpendicular to top of plate,
FT = notched perpendicular 10 rolling direction with notch parallel to top of plate.

(b) Specimen solution heat treated prior to testing at 145¢ F for 1/2 how, air cool.

BATTELLE MEMORIAL INSTITUTE



8

Hardress and Metallographic Studies

lardness and metallographic studies were made on the weld in the Ti-13V-11Cr-

3Al alioy. The hardness was as follows:

Range Average
Base metal 299 to 319 310
Heat-affected zone 306 to 319 313
Weld metal 292 to 330 296

Microstructures for the base metal, heat-affected zone, and weld metal in' the
Ti-13V-11Cr-3A! alloy are shown in Figures 1, 2, and 3, 1-e:;pectively. The ha-e metal
and heat-affected zones (Figures 1 and 2) had similar grain sizes. The weld metal
(Figure 3) has extremely large grains which are typical of weld metals in this alloy.

Hardness data also v ¢. e obtained for the manual weld made in Ti-6Al-4V base

plate with Ti-6Al high-purity filier wire. These data are a2 follows:

Range Average
Base metal 306 to 342 324
Heat-affected zone 3il to 330 320
Weld metal 245 to 323 282

The hardness of this weld metal is lower than for any of the welds made to date except
for those made with the A-55 filler wire. On the basis of previous hardness data, we
wouid expect that this weld metal would not niatch the strength of the base metal. The
microstructure of this weld metal is shown in Figure 4. The impact properties of this
weld (Ti-6A1-4V base plate with Ti-6Al high-purity filler) were reported in Battelle's

bimonthly report dated April 30, 1761 (38.5 ft-1L at -80 F).

BATTELLE MEMOR!I AL INSTITUTE




100X 1. 5HF, 3.5HNO3, Balance H0 N79918

FIGURE i. MICRUITRUCTURE OF Ti-13V-11Cr-3A1 BASE PLATE
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100X 1.5HF, 5. " IINOj, Balance H20 N79919
FIGURE 2. MICROSTRUCTURE OF HEAT-AFFECTED ZONE OF WELD MADE IN
[i-13V-11Cr-3A1 BASE PLATE USING MATCHING FILLER WIRE
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FIGURE 3, MICROSTRUCTURE OF WELD METAL OF WELD MADE IN

Ti-13V-1! Cr-3A1 BASE PLATE USING MATCHING FILLER
WIRE
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FIGURE 4, MICROSTRUCTURE OF WELD METAL MADE IN

Ti-6Al-4V BASE PLATE USING Ti-6Al HIGH-
PURITY FILLER WIRE
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_(_,:_h_emiCi.I Analysis

The composition of the Ti-13V-11Cr-3Al base plate, filler wire, and of the weld
made in this base plate using matching filler wire are as follcws:

Composition, per cent

Material v cCr Al Fe C N Hy 07
Base metal 3.4 10,7 3.24 0.8  0.022 0,027 0.0078  0.0779
Filler wire 13,5 10,7 3.16 0.17 0,01  0.026 0.0049 0. 1420
Weld metal 133 10.6 3.12 0.16  0.018 0.027 0,0068 0,0875

The only element analysis that posed a problem was the oxygen content of the base
rretal. Three different analyses were made of the base blate for oxygen. The first
analysis showed 0.0102 per cent oxygen. This analysis was extremely low and was in
error., Twc additional aia’yses showed 0,0685 and 0.0573 per cent oxygen., These
figures also represent low oxygen contents in comparison with other base-plate materials
being stidied, and the reported figure is an average of these two values.

Oxygen and hydrogen analyses also were obtained for the manual Qeld made 1n
Ti- 6Al-4V base plate with Ti-6Al high~-purity filler wire. An oxygen content of 770 ppm
and a hydrogen content of 42 ppm were obtained. The low interstitial contents of this
weld metal, it is believed, cause the high impact properties of this weld (38.5 ft-lb

at -80 F).

Drop-Wezight Tests

During this report period, tests were started in an effort to determine the nil-
ductility temperature (NDT) for the base plates being studied, For these tests, 1-1/2-
inch-thick by 3-1/2-inch-wide by 14-iach-long specimens were machined from the 2-

inch-thick plate. Standardized testing procedures for this size steel specimen established

OATTELLE MEMORIAL INSTITUTE
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by Puzak and Babeckis were used initially, i.e., l2-inch span and 0, 2-inch anvil stop,
Procedures ior depositing the brittle crack-starter bead were taken from work done by
Willner and Sullivani*, These procedures consisted of depositing a bead using A-70
filler wire at a heat input of about 18,000 joules per inch in a helium-nitrogen atmos-
phere. The bead was notched with a hand grinder to a depth 0,970 inch above the surface
of the specimen prior to testing.

Ir. an attempt to determine welding conditions for the brittle weld bead, welds
were deposited on specimens 5/8 inch thick, 2 inches wide, and 5 inches long, which
were then drop-weight tested. The following welding conditions were established:

Weld Travel Speed, ipm 30

Wire Feed Speed, ipm 515

Weld Jurrent. amperes 290 to 300
A,rc Voltage, volts 34
Contact- Tube~-to- Work Distance, inches 1-5/8
Heat Input, joules per inch 20,000
Chamber Atmosphere, per cent 90He — 10N

Using these welding conditions for the brittle weld bead, drop-weight tests v ere
made on l-1/2-inch-thick specimens machined from the Ti~6Al-4V and the Ti- SAII-Z. 5Sn
base plates,

A l2-inch span was used for all specimens tested. Anvil stop distances of 0, 2
inch (used f{our steel specimens} and 0, 377inc7l71 we;-e tried. The brittle weld bead was
cracked at the bottom of the notch in every test made.

The drop-weight test on the Ti-6A1-;1V specimen using a 0. 2-inch anvil stop

showed only slight cracking in the base plate at 0 F. The second drop-weight test on the

*Puzak, P ?., and Babecki, A, G., "Noimalization Procedures for NRL Drop Weight Test”, Naval Rescarch Laburatory
Repoit 5240 (Novernber 3, 1958),

*Willner, A, R., and Sullivan, V, E., Progress Report on “Mctallucgical Investigation of Titaniwin Alloys fur Applicatiog
Doep Diving Submiarines”, vavid Taylo Model Basin Report 1482 (Dcecember, 1960),
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Ti- 6Al-4V alloy was made using a 0, 3-inch anvil stop at { F and only slight cracking
was encountere‘d in the base plate. Two tests also were made on the Ti-5Al-2.55n base
plate but a 0. J-in]ch anvil stop was used in ooth of these tests, No cracking in the base
plate was obtained in either of these tests.

When using the 0. 3-inch anvil stup, the impact force was rot great enough to
deflect the specimens the tctal 0.3 inch, However, permanent deformation was noted in
these specimens. Because the specimens were plastically defuormed in these tests -..d

no fractures were obtained, it is felt that the brittle wzld deposit used is not satisfactory.

Additional work is planned in an effort to obtain a séti:factory brittle weld bead.

CONCLUSIONS | )

The following concluricas can be drawn from the results obtained during ‘t.his
report period:
(1) The impact properties of the Ti-13V-11Cr-3Al base plate are poor.
The weld made using Ti~13V-11Cr-3Al base plate and filler wire had:
(a) Notch tougf.;ess as good as that of the Lase plate
{b) Ultimate and yield strengths about 5 pei cent lower than
that of the base plate
(c) Elongation lower thanu that of the base plate in the logitudinal
direction but higher than that of the base plate in the trans-
verse directicn
(d) Bend c.iuctilil.y consgiderably lower than that of the base plate,
(2) The lowv interstitial content of the weld made in Ti-6Al-4V base plate
using Ti-6Al high-purity filler wire probably accounts for the low ‘1‘ !

hardness and high impact properties of this weld.
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FUTURE WORK

In the future it is planned to continue work on NDT determinations of thc base
plates in an effcrt to obtain a saticfactory britile crack-starter bead. In addition, it is

planned to make additional welds using high-purity filler materials.

Data are recorded in Battelle Laboratory Record Bnok Nos. 17387, 17955,

pages 1 through 46, and No., 17956, pages 1 through 30.
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